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(71) We, WESTERN ELECTRIC COMPANY, INCORPORATED, of 222 (formerly
195) Broadway, New York City, New York State, United States of America, a Corporation
organised and existing under the laws of the State of New York, United States of America, do
hereby declare the invention for which we pray that a patent may be granted to us, and the
method by which it is to be performed, to be particularly described in and by the following
statement:

This invention relates to synchronization of digital signals and, more particularly, to
resynchronization at an interface between two digital systems that operate according to
separate time bases which are not synchronized to each other.

Digital signal operations, whether they are in a digital signal transmission system, or coder,
a decoder or some kind of signal processing arrangement, require some type of predeter-
mined time base that periodically produces timing information or signals upon which sys-
tematic functions are based to provide orderly operations. Timing signal operations or
synchronization is provided by using all or selectable signals from a time base signal produced
by a local oscillator or local clock. Although such oscillators are designed to produce a stable
time base signal of a predetermined constant frequency, all oscillators are subject to a finite
inaccuracy in frequency in addition to some value of time-varying frequency drift. Accord-
ingly, two identically designed oscillators with the same specifications will most likely
produce signals that are slightly different in frequency and have a time-varying frequency
difference.

When a plurality of digital systems are connected together to communicate with one
another, compatible operation requires overall synchronism of systematic functions. To
provide compatible operation, the local oscillators of digital systems are generally synchron-
ized or phase locked together to prevent the time-varying frequency drift among the various
local osc(iillators. If the frequency drift is not eliminated, data may be lost or erroneously
processed.

When various portions of an overall digital communication system are spread out to serve a
geographic area, reliable synchronization of local oscillators at different locations in the
system may require additional communication links to a master clock which increases the cost
of these systems. As the distances are increased to cover larger areas, differences in propaga-
tion delay times of various signal paths including those used for synchronization purposes are
sufficient to produce synchronization problems. Furthermore, failure of the master clock or
any of the communication links used for synchronization are additional sources of system
failure.

One conventional solution of providing an interface between independently synchronized
digital systems is to convert the digital information of one system to analog and then
reconvert the analog signal back to a digital signal that is retimed according to the time base of
another system. Another technique is to convert the pulse code modulated (PCM) signal to a
delta modulated signal and then reconvert back to a PCM signal in accordance with a second
time base. Both arrangements utilize signal conversion which is undesirable in terms of the
equipment needed to implement the conversion and amplitude approximations inherent to
signal conversion techniques which degrade the quality of the information content of the
signal undergoing conversion. A further drawback of the latter technique is that if the digital
signals of the two systems are not encoded using the same sampling rate, it provides the rate
change by simply repeating or deleting digital signals which also degrades the quality of
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information.

In accordance with one aspect of the invention there is provided apparatus for interfacing
two digital systems having independent time bases, comprising means for receiving input
code groups at a first rate synchronized with a first time base; and means for deriving output
code groups, at a second rate synchronized with a second time base independent of the first,
by arithmetically interpolating each output code group from at least two input code groups in
accordance with the temporal position of the output code group relative to the input code
groups.

In accordance with another aspect of the invention there is provided apparatus for
communicating digital signals comprising code groups between first and second digital
systems having first and second time bases respectively, independent of each other in
frequency and phase, the apparatus comprising storing means for receiving and retaining
code groups derived from the code groups of the first digital system at a first rate synchron-
ized with the first time base; accessing means for obtaining the contents of the storing means
at a second rate synchronized with the second time base; timing means responsive to the
position of the code groups for the second digital system relative to the occurrence of the code
%roups produced by the first digital system; multiplier means having variable gain controlled

y the timing means, the multiplier means producing an output indicative of the product of a
quantized amplitude indicated by at least one code group from the first digital system and the
gain of the multiplier means; adding means for combining the output of the multiplier means
with selected contents of the storing means to produce the code groups for the second digital
system wherein each code group is derived from at least one code group from the first digital
system, and output means for supplying an interpolated signal comprising code grougs
produced by the adding means, so as to supply an interpolated signal compatible with the
second digital system whereby the timing means and the multiplier means accommodates
differences in frequency and phase between the first and second time bases by preserving
substantially the same information content in the interpolated signal as that indicated by the
digjtal signal from the first digital system.

Embodiments of the invention will now be described, by way of example with reference to
the accompanying drawings, in which:-

Fig. 1 is a diagram of a portion of a telephone system; ) )

Figs. 2A and 2B, when juxtapositioned as shown in FIG. 3, illustrate a block diagram of
two embodiments of the invention, arranged for the system of Fig. 1;

Figs. 4 and 5 serve to explain the operation of the embodiment of Fig. 2A; and

Figs. 6, 7 and 8 depict different aspects in the operation of the embodiment shown in Fig.
2RB.

Fig. 1 represents a simplified portion of a telephone system that illustrates one advantage-
ous application of the present invention. It should also be pointed out that only apparatus
relevant to the application and description of the embodiment of the invention is shown and
that other apparatus normally included in the portion of the telephone system of Fig. 1 is
intentionally omitted for the sake of clarity. In Fig. 1, a local central telephone office 11
serves local subscribers 12 utilizing a time division multiplexed (TDM) switching network 13
to establish connections between the subscribers under the direction of common control and
timing 14. Network 13 and common control 14 are simply indicated in Fig. 1 as blank blocks
which include many conventional system functions of no direct concern to the present
invention. Network 13 and common control 14 may be of a well known kind. An example of a
typical time division switching network operated by a common control processor and timing
is disclosed in United States Patent No. 3,736,381, issued to Johnson et al on May 29, 1973.
Such a switching network is a store - switch - store - switch - store form of network. Network
13 services a plurality of local subscribers 12 and communicates via a pair of digital trunks 18
with distant office 17. Distant office 17, for example, may be an electromechanical type
telephone office wherein the digital signals from trunk 18 are converted to analog signals
before being switched to provide connections to the associated local subscribers of that office.
Since distant office 17 is a conventional type of telephone office, trunks such as those
represented by trunk 18 which communicate between central office 11 and distant office 17
may be conveniently synchronized to the operations of network 13 and common control 14.
Accardingly, digital trunks do not present any synchronization problems for central office 11.

Also shown in Fig. 1 is a distant electronic switching system (ESS) office 21 whichisa TDM
telephone office including its own common control and timing facilities. Communicating
between distant office 21 and central office 11 are a plurality of pairs of trunks 22. Trunks 22
are synchronized to the operations performed within office 21 and therefore appropriate
action must be taken to ensure that the operation of trunks 22 is compatible with network 13.
Utilization of the present invention within each of a plurality of synchronization interfaces 23
coupling trunks 22 to network 13 should be understood to represent only one of many
possible applications for realizing the advantages of the present invention.
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. In order to appreciate the operations performed within the number of synchronization
interfaces 23, it is necessary to consider the characteristics of the digital signals in both trunks
22 and network 13. Each pair of trunks 22 may be considered a separate T carrier type digital
transmission system, such as the T1 Carrier Transmission System of the Bell Telephone
System, which operates at the rate of 1.544 megabits per second. The digital signals are
transmitted over trunks 22 in fixed blocks called frames. Normally each frame includes a
digital code word from each of 24 information or voice-band channels. Each digital word is a
group of eight bits in a nonlinearly encoded or companded pulse code modulation (PCM)
format at the sampling rate of 8 kilosamples per second. At the end of each 192 information
bits in a frame, a final bit is added for framing synchronization purposes in the digital
bitstream. Network 13, on the other hand, is designed for digital signals produced by a faster
sampling rate of 32 kilosamples per second. In addition to the 4:1 speedup there is also a basic
difference in the format of the digital signals. Each digital word in switching network 13 is a
nine bit word linearly encoded utilizing differential PCM. The speedup of the rate of digital
signals plus the conversion from nonlinear PCM to linear differential PCM enables the
simplification and substantial saving in the hardware of the various filtering operations that
are performed within network 13 at a modest increase in hardware cost associated with the
speedup. The embodiments of the invention are hereinafter described in a time division
multiplex enviroment since pulse coded signal channels, such as those represented by trunks
22, are frequently utilized in such an enviroment.

A complete block diagram of synchronization interfaces 23 of Fig. 1 includes the apparatus
shown in Figs. 2A and 2B, whiclz should be aligned as shown in Fig. 3. Since the apparatus
depicted in each portion of Fig. 3 operates in a more or less independent fashion, Fig. 2A
which receives the incoming signal from trunk 22 and provides an input to switching network
13 will be described first. Office repeater 31 is the final repeater of a repeatered line which
regenerates the transmitted signal like other repeaters serially displaced along the length of
the digital transmission link simply represented as one of trunks 22 in Fig. 1. Repeater 31
may, in addition, change the bipolar signal format conventionally used in digital transmission
into the appropriate unipolar digital signal format associated with the type of logic circuitry
used to implement the apparatus of Fig. 2A. The output of office repeater 31 is applied via bit
synchronizer 32 to serial - to - parallel converter 33. Synchronizer 32 ensures that converter
33 is loaded without loss of repetition of bits in each code group. Synchronizer 32 may be an
integrated circuit such as the SN54120 Dual Pulse Synchronizer of Texas Instruments, Inc.
described at pages 264-268 in the TTL Data Book of Design Engineers, copyrighted by same
in 1973. Converter 33 is a serial shift register whose number of cells corresponds to the
number of bits in a code group from trunk 22. Converter 33 serves as the input device for
memory 34. The output of office repeater 31 is also applied to clock recovery circuit 36.
Clock recovery circuit 36 is a conventional arrangement such as a resonant tank circuit or a
phase-locked loop that provides a series of output pulses at a pulse rate corresponding to the
bit rate of the received signal on trunk 22. The output clock recovery circuit 36 is applied to
counter 37 which divides by eight. Detector 38 detects the all “1”” state or full count output of
counter 37 and produces an enable signal for memory 34. During framing synchronized
operation, the enable signal is produced to transfer each completed code group from
converter 33 to memory 34. Counter 39 receives the output of the final stage of counter 37
and divides by 24. While the apparatus in Fig. 2A is synchronized, counter 39 changes count
in coincidence with the beginning of each incoming code group at memory 34. Accordingly,
counter 39 serves to identify the location of each code group in the frame as it is being
received.

The framing bits included in the frames of the received bitstream from trunk 22 are
identified by frame detector 42. Once frame detector 42 identifies the precise location of the
frames in the bitstream, it sets counters 37 and 39 to zero so that counter 37 counts the bits
within each digital word and counter 39 maintains a count indicative of the location of each
digital word within the framing pattern of the incoming bitstream to provide synchronized
operation. Concurrent with the enabling output of detector 38, counter 39 produces an
output corresponding to the location of the digital word in the received framing pattern on the
number of parallel conductors represented by bus 43 to provide the write address signals for
memory 34,

Memory 34 is a read/ write random access memory which is organized into lines which have
a capacity to store a code group. Memory 34 is divided into two sections designated as even
and odd portions. Each of these portions has sufficient capacity to store a complete frame of
digital signals from trunk 22. The addressing count of counter 39 indicates the line location
while flip-flop 43 indicates in which portion of the memory the contents of converter 33 are to
be stored. The first received frame and successive odd frames of signals from trunks 22 are
written into the odd portion of memory 34. The second frame of incoming signals from trunk
22 including successive even frames are written into the even portion of memory 34.
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_ It should be noted that the first code group in each frame corresponds to the first
information channel on up to the last code group in the frame which corresponds to the 24th
information channel. This successive numbering system is utilized to store successive code
groups in sequential lines of memory 34. Each line has one address location and stores a
complete code group. Memory 34 primarily serves to provide the encoded versions of two
successive samples of a given information channel for interpolation purposes each time an
input is called for at network 13 by common control 14.

The output of the final stage of counter 39 is applied to even/odd flip-flop 43 which serves
to indicate whether the framing pattern currently being received is odd or even. The output of
flip-flop 43 is applied to subtractor 44 along with the output of counter 39 and the output of
the final stage of counter 37. The outputs of counter 39 provide the write address information
for each digital word in memory 34. The write address information is applied to memory 34 as
the write address receive (WAR) signal on bus 43. At this point, it should be noted that all of
the operations of the aforementioned apparatus in Fig. 2A are synchronized with the
incoming signal from trunk 22 that is written into memory 34.

The output from common control and timing 14 is applied to read address memory 46.
Memory 46 provides two parallel outputs, designated as the read address even or odd receive
(RAEr or RAor), for addressing two successive code groups of the same information channel
within memory 34 to derive each interpolated code group. As one output bus of memory 46
interrogates memory 34 at the location corresponding to the oldest code group, the output of
flip-flop 43 indentifies same. Upon the occurrence of this address at memory 34, the contents
therein are transferred to parrallel - to - serial converter 47.

The output of parrallel - to - serial converter 47 is applied via code converter 48 to
interpolator 49. Code converter 48 changes the bit content of each of the nonlinearly
encoded groups stored in memory 34 to a linearly coded group for utilization by interpolator
49. Converter 48 is a conventional circuit commonly known as a digital expandor such as
shown in Fig. 15 of an article entitled “A Unified Formulation of Segment Companding Laws
and Synthesis of Codecs and Digital Compandors™ by H. Kaneko in The Bell System
Technical Journal, Vol. 49, No. 7, September 1970, pages 1555-1588. An arrangement for
providing the inverse operation of digital compressing 1s shown in Fig. 16 of the aforemen-
tioned article. The compression function is performed by code converter 85 of Fig. 2B. The
next address signal produced by memory 46 from the other output thus corresponds to code
groups of the next successive sample of the same information channel stored in memory 34.
Upon the occurrence of this address signal, the output of converter 47 transfers the stored
code group at that address as modified by converter 48 to interpolator 49. As the pair of code
groups emerge from converter 48, the timing interval between the pair of two successive code
groups is equal to the propagation delay of delay 51 so that both code groups are available
from the input and output of the delay. Since the inputs to subtractor 52 are connected to the
input and output of delay 51, the output of the subtractor provides the difference between
these two signals.

The other input to interpolator 49 is supplied by memory 53. The input to memory 53 from
subtractor 44 is produced by subtracting the read address signal of the first encoded sample
from the concurrent write address signal of the code group that is being presently written into
memory 34 from converter 33 at the time the interpolated code group is called for by
common control 14. The first encoded sample is the first code group of the pair to arrive of the
two successive encoded samples of the same signal channel utilized by interpolator 49 to
produce an interpolated code group. As counters 37 and 39 provide the write address
locations of the code groups within memory 34, they also divide the interval between two
successive code groups of the same signal channel into 48 increments. This is readily
accomplished since each framing pattern contains 24 code words and the final output of the
last state of counter 37, which is applied to subtractor 44, changes at twice the rate of the
output of counter 39. Accordingly, subtractor 44 produces a binary number output inarange
corresponding from 0 - 48 once each time two successive code groups are obtained from
memory 34. This output of subtractor 44 serves to identify the relative position of each
interpolated code group within the interval defined between the arrival o the pair of two
successive code groups at memory 34. Memory 53 transforms the output of subtractor 44 into
a coefficient a:i which controls the gain of multiplier 54. The output of multiplier 54 is applied
to one input of adder 56. Concurrent with each output of multiplier 5 4 is the output from
delay 51. The function of adder 56, therefore, is to add a weighted quantity of the difference
between two successi~e code groups to the oldest code group. The output of interpolator 49
which comes from adder 56 is applied to digital filter 57. Digital filter 57 compensates for the
high frequency roll-off produced by the interpolation function performed by interpolator 49.
This digital filter is a fourth order filter of conventional design which may be realized, for
example, by cascading two second order sections of the type shown in either Figs. 2 or 3 of
United States Patent No. 3,777,130, issued to Croisier on December 4th, 1973. Alterna-
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tively, filter 57 may be realized by a single fourth order section of the Croisier type filter. The
final function of filter 57 is to convert the PCM interpolated code group to a differential PCM
code group, which is supplied to switching network 13 of Fig. 1.

The operation of interpolator 49 of Fig. 2A will be discussed in greater detail with
reference to Figs. 4 and 5. As previously pointed out subtractor 44 produces a digital numbcr,
designated in Fig. 4 as 8r. This number can be considered as a phase variable indicative of the
relative position of the interpolated code group between the pair of code groups from which it
is derived. In the table of Fig. 4 corresponding values of ai are listed for each value of 8r. In
operation a pair of two successive code groups from the same information channel is supplied
to interpolator 49 which are represented by x and xn+, on the upper time scale XX’ of Fig. 5.
The bidirectional arrow above the XX’ time scale represents relative frequency drift between
the clock that runs trunk 22 and the internal clock of common control and timing 14 of Fig. 1
which produces a lateral displacement between time scales XX* and YY’.

As previously pointed out switching network 13 operates utilizing code groups indicative
of a 32 kilosample per second rate or four times the rate of the incoming signal on the digital
transmission systems represented by trunks 22 of Fig. 1. Accordingly, on the average four
interpolated code groups are derived depicted as y; to y, in Fig. 5 from each pair of successive
code groups.

Since the occurrences of the interpolated code groups are determined by common control
13, their relative position between the pair of code groups is measured by subtractor 44 of
Fig. 2A and used as a basis for interpolation. Subtractor 44 subtracts the read address of the
oldest of the two successive code groups from the current write address that is supplied by
counter 39. The output of subtractor 44, in effect, measures the time interval between when
the oldest code group is written into memory 34 and when this same code group is read out of
memory 34 to provide the interpolated code group. It should be understood that the
combined count of all the outputs of counter 39 and the final output of counter 37 never
exceeds 48 or counts modulo 48. Thus, the difference between the two addresses or 8r does
not exceed 48 although the interval for which the older encoded sample is stored in memory
34 actually exceeds the interval between two successive encoded signal samples of the same
signal channel since both encoded samples must be available before the interpolation can
take place.

A Eignificant feature of the application illustrated in Fig. 1 is that the synchronization
interface is ideally suited to perform the initial storing function which is necessary for the
operation of switching network 13. In addition to the storing function, switching is also
accomplished by changing the sequence in which the signals are read out of memory 34 from
the sequence in which they are written into same. This switching function in combination with
the storing function is well known in the art as a time slot interchange function. Accordingly,
the output of subtractor 44 is an actual measure of how long the oldest encoded sample is
retained in memory 34 after the next successive code group of the same information channel
arrives in the memory. Based upon this disclosure, one skilled in the art may realize the
advantages of this invention by using the second or newer code group of the pair of code
groups from memory 34 in a similar fashion to determine 8r which would, of course, entail a
slight modification of the circuitry shown in Fig. 2A.

Read-only memory 53 transforms 8w into a coefficient ai which is the weighting factor
assigned to the difference between the amplitude of the pair of code groups. Then the
weighted difference between the pair of code groups is algebraically added to the oldest code
group by adder 56 to provide the output of interpolator 49. This operation can be expressed
b

’ yi=xn + @ Genl — Xn)- M

On the average, four successive interpolated code groups are derived from each pair of code
groups from memory 34. Furthermore, each code group from memory 34 is used twice: once
as the newest sample and then once as the oldest sample to provide the sampling rate increase
of 4:1.

As shown in Fig. 5 the coefficients a: define a smooth curve which spans between x» and
Xn+, wherein the value of ai varies from zero to unity. The variation of the values of ai
determines the shape of the smooth curve which, in this case, conforms to one-half period of a
raised cosine. It should be pointed out that if the amplitude of xn+, were less than x», then the
raised cosine curve would have a negative slope instead of the positive slope shown in Fig. 5.

To appreciate the significance of the raised cosine curve, one must examine the effects on
the interpolated signal produced by this process. There are two prominent effects. A fixed
roll-off in the passband (i.e., 0 to 4000 Hertz) of the Nyquist sampled signal is introduced.
This effect may be readily offset by using a compensating passband characteristic in digital
filter 57 of Fig. 2A. The second effect is a time-varying roll-off or amplitude fluctuation on the
signal for which compensation cannot readily be provided. The shape of the curve used in the
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interpolation process is significant since it determines the trequency range in which the effect
of the time-varying roll-off occurs. The use of the raised cosine instead of a straight line has
the beneficial effect of raising the frequency range of the time - varying roll-off from the
passband to above passband. Thus, the effect of the time - varying roll-off may be essentially
eliminated by suitable selection of a passband characteristic in digital filter 57 of Fig. 2A. It
should be understood that other and different characteristics may be chosen by those skilled
in the art based upon the information presented herein. In such cases, different values will be
selected for ai in Fig. 4 and curve of Fig. 5 will also have a different shape.

Operation of interpolator 49, in combination with memory 34 and associated apparatus,
provides a completely elastic interface wherein incoming signals are synchronized to one
timing source while the interpolated output signals are produced in synchronization with a
second timing source. Unlike a conventional buffering arrangement which is elastic only to
the extent allowed by the capacity of the buffer and thus can only compensate for relatively
short term frequency drift, the apparatus of the invention has inherently designed into it the
ability to compensate for a continuous frequency difference in pulse rate caused by the
unsynchronized operation of the two aforementioned timing sources. Interpolator 49
achieves this feature by altering the amplitude of the interpolated code group to allow for the
shift in position of the interpolated code group relative to the received code groups from
which it is derived. In view of this unique feature, it should be understood that although the
number of interpolated code groups derived from each pair of successive code groups is
normally four, there will be occasions albeit infrequently in which three or five interpolated
code groups are derived from a pair of successive code groups. Whether more or less than
four interpolated code groups are derived from a pair of code groups is determined by
whether the incoming bit rate from the trunk is faster or slower than the bit rate called for by
the switch. The foregoing feature will even become more apparent in the discussion of Figs. 6,
7 and 8 which will facilitate the explanation of the interpolation process of Fig. 2B

The apparatus of Fig. 2B provides an interface between the output from switching network
13 and the input to digital trunk 22, which are respectively indicated at the lower right-hand
corner and the upper left-hand corner of the figure. Before any further description of the
apparatus in Fig. 2B, one should consider that the circuitry generally operates in a similar
manner to the apparatus shown in Fig. 2A. It should also be kept in mind that the inverse of
signal operations described in connection with Fig. 2A are performed in Fig. 2B. It is also
helpful to note that basic differences in the circuitry become apparent upon comparison of
these two figures which is largely due to the fact that the sampling rate is decreased rather
than increased as in Fig. 2A.

The data input from switching network 13 is applied to digital filter 61 which is a
conventional digital filter that performs bandpass filtering of the signal. Filter 61 may be
realized by coupling together two first order high-pass sections followed by a low-pass portion
cornprising either two second order sections or a fourth order section of the Croisier type.
F_ilter1 61 further provides a code conversion from differential PCM signal to linear PgM
signal.

In addition to filter 61, the signal path from switching network 13 includes digital multiplier
62, adder 63 and serial - to - parallel converter 64 which serves as an input device for memory
66. Memory 66 has a structure sililar to memory 34 but only serves as a one-frame store and
further provides a time-slot interchange function sililar to memory 34 of Fig. 2B. Memory 66
also serves as an accumulator for storing partial terms of interpolated signals during the
interpolation process.

The signal from switching network 13 is produced in blocks or frames which contain a
digital word from each of 24 different signal channels. The order in which these digital words
arrive from the different signal channels is a function of the switching operations of network
13 in Fig. 1 and the time slot interchange operation which occurs in Fig. 2A. It should be
noted that code words from each channel are digitally derived words from the interpolation
process produced in that apparatus of Fig. 2A so that each code word is the equivalent of the
analog signal represented by the digital signal in trunks 22 of Fig. 1 being sampled at a 32
kilosample per second rate. The apparatus in Fig. 2B converts these 32 kilosample per second
digital signals back to an 8 kilosample per second digital output signal compatible for
transmission on trunks 22 of Fig. 1. On the average, four 32 kilosample per second samples
from one signal channel will be utilized from switching network 13 to provide a single
interpolated output signal for one of the trunks 22 in Fig. 1.

As each encoded sample arrives from switching network 13, common control and timing
14 of Fig. 1 produces control signals at the other input to Fig. 2B for read/write address
memory 67. Memory 67 produces digital address signals on bus 68 for memory 66 and also
gating signals through delay 65 which enable the transfer of each code group from converter
64 to memory 66. As each encoded sample arrives from switching network 13, memory 67 is
instructed by common control 14 to identify the destination channel or the location of the
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code group in each signal frame for transmission on the appropriate one of trunks 22 of Fig. 1.
The destination channel therefore determines the line location for each code group in
memory 66 which will be sequentially scanned for readout. Memory 67 also produces a
digital signal that is applied to subtractor 84. Subtractor 84 receives another signal from the
output of divider 77 which is only slightly delayed by delay 70. The signal from divider 77 is a
6-bit binary number wherein the last 5 bits correspond to the read address transmit signal
(RAT) and next higher order bit from the divider. This signal on bus 80 reads code words out
of memory 66. The difference between the 6-bit signal and the signal from memory 67 serves
to divide the time between successive code words of the same signal channel into 12
increments which provides the same resolutions as dividing the corresponding framing
interval utilized in Fig. 2A into 48 increments. While the output for subtractor 84 from
counter 77 ranges from 0 to 48, the counter supplies the RATsignal to memory 66 which hasa
range from 1 to 24. The RAr signal is a binary count that sequentially reads the lines in
memory 66 to supply an output signal for each line to office repeater 83 via the signal path
including selector 72, parallel - to - serial converter 74, code converter 85, and first-in,
first-out (FIFO) memory or buffer 78.

Basic operation of the interpolating process will now be described. As each encoded
sample from switching network 13 appears at the output of digital filter 61, memory 67
produces the read/write address transmit (R/W Ar) signal which identifies the destination
channel of the information signal by address instructions for memory 66 and supplies an input
to subtractor 84. Subtractor 84 subtracts the input from memory 67 from the signal supplied
by counter 77. The output of subtractor 84 may be considered a phase variable for transmis-
sion designated as 8:. The value of 8t is applied to read-only memory 86 which selects the
stored coefficient that controls the gain of multiplier 62. The content of read-only memory 86
is listed in the look-up table of Fig. 7. Accordingly, multiplier 62 is assigned a weighting
coefficient by read-only memory 86 which determines the contribution of each code group to
an interpolated code. Nominally, the contributions of four code groups from switching
network 13 of Fig. 1 are combined to produce an interpolated code group. Each contribution
after the initial one is added to previous contributions by adder 63 until a complete interpo-
lated code group is formed and stored in memory 66 until called for by the RArT signal from
divider 77. The previous contributions are read out of memory 66 and supplied to parallel - to
- serial converter 73 via selector 72 for application to the other input of adder 63. The readout
occurs when selector 72 is enabled by read/write memory 67.

The output of subtractor 84 is continuously monitored by threshold circuit 91 to detect
when the phase variable has a value which indicates that a particular code group is to be used
as the first partial term of the series of partial terms that are accumulated in memory 66 to
provide an interpolated signal. If 8: has a value less than 12, threshold circuit 91 produces a
clear signal for memory 66 which eliminates any previous accumulated values in memory 66
corresponding to the address signal produced on bus 68. If the signal from multiplier 62 is the
first contribution or partial term of an interpolated code group, it passes on through adder 63
unaltered and enters memory 66 via converter 64. In the next frame received from switching
network 13, the signal with the same destination channel is assigned a weighting factor or
coefficient by operation of multiplier 62. Memory 86 is instructed by subtractor 84 which
again subtracts the addressing signals of memory 66 as is done for each code group supplied
by switching network 13 to determine the time of the occurrence of the interpolated code
group with respect to the code groups from switching network 13 that contribute to its
derivation. The product of the weighting coefficient of multiplier 62 and the code group from
switching network 13 is combined with the previous partial term of the same destination
channel in adder 63. The accumulated sum of these two partial terms is again stored in
memory 66 via converter 64. The enable signal for selector 72 is delayed ty delay 65 and
applied to memory 66 to enable the signal transfer from converter 64 to the memory. Delay
65 retards the enable signal to compensate for the signal propagation time through converter
73 to the input of converter 64. Nominally, this process will be repeated two more times so
that four signal samples from switching network 13 are used to produce an interpolated signal
which is stored in memory 66. The interpolated signals are read out of memory 66 in a
sequence determined by the output of counter 77. Counter 77 also produces an enable si;nal
for selector 72 which transfers the output of memory 66 to converter 74.

Code converter 85 receives the interpolated code groups from converter 74 and changes
them into nonlinearly encoded groups to form a companded PCM signal. A compression
process is used in converter 85 that is the inverse operation of that produced by code
converter 48 of Fig. 2A and is described in the aforementioned Kaneko article. The output of
code converter 85 is buffered by memory 78 to eliminate short term jitter before application
to repeater 83 for return transmission on trunk 22. One input to memory 78 is the recovered
clock signal from clock recovery circuit 36 of Fig. 2A. Decoder 79 monitors the signal content
of memory 78, and produces a control signal which is applied to voltage controlled oscillator
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81 via low-pass filter 82. It should be noted that memory 78, decoder 79, filters 82 and
oscillator 81 form a phase lock loop which smooths out short term jitter and temporary
frequency misalignment between the interpolated signals produced by memory 66 and the
timing operation of office repeater 83 which is synchronized to one of trunks 22.

The interpolation process performed by the apparatus of Fig. 2B is normally a four-step
sequence in which partial sums are accumulated in memory 66. These four steps can be
expressed as

p1 (yn) =h3xy=a @
p2(yn) =hpxa+a=b ©)
p3 (yn) =hixz +b=c @
PT (/n) =yn=hox4 +c ®)

where values of h; are determined by the 8t output of subtractor 84 in accordance with Fig.7
The h; coefficients correspond to the smooth curve of a third order polynominal which passe:
through the four points of x4, X,, X3 and x,. Substitution for ¢, b, and ¢ expands equation (5) tc
the more conventional interpolation expression of

yn=h3x1 +hax2 +h1x3 +hox4 . ®)

The waveforms of Fig. 6 illustrate the flexibility of the inventive priciple. These waveforms
are analog representations of a completely digital interpolation process performed by the
apparatus of Fig. 2B. An exaggerated rate of change of 8t is shown in Fig. 6 than is normally
encountered in a transmission eviroment due to the highly accurate clocks used as timing
sources. 8t usually changes at a very slow rate so that its value stays constant for several
frames of the digital bitstream from switching network 13. Waveform A of Fig. 6 shows three
successive interpolation operations for the same signal channel for one of trunks 22 that has
an exaggerated fast-running time base Y'Y’ relative to the time base XX’ of switching network
13. Actually, the interpolation operations of the remaining signal channels of the frame are
interleaved between two successive interpolated signals of one signal channel. The same is
true for waveform B which represents an exaggerated slowly running time base. These
differences in timing base rates produce infrequent interpolation operations which are
illustrated by the middle interpolated signal of each of the waveforms in Fig. 6. In waveform
A only three code words from switching network 13 are utilized in determining the middle
interpolated code group while in waveform B five code words from switching network 13 are
utilized to produce the middle interpolated code group. It should be understood that in the
normal transmission enviroment these two conditions occur rather infrequently but when
they do occur, the interpolated code group must be derived accurately. In determining each
of these interpolated code groups the weighting coefficients are utilized in Fig. 7 to determine
the contribution of each code word from switching network 13 in deriving the interpolated
code group. It should be noted that in waveform A the middle interpolated code group
corresponds to the actual value of the second code group from switching network 13. At this
time, the value of 8:is 36 so that the weighting coefficient is unity. On the other hand, in
waveform B the value of the middle interpolated code group corresponds to the third code
word from switching network 13, at which time the value of 8tis also 36 and so that weighting
coefficient h; has a value of unity. In Fig. 6 the double direction arrow indicated above each of
time bases XX’ illustrates the lateral displacement that occurs between the two time bases as
frequency drift occurs between them. Since the interpolation is performed on a real time
basis, all of the coded words from switching network 13 which contribute to an interpolated
code group must be available before the interpolated code group can be determined.
Consequently, the dotted waveform or delayed wafeform simulates the operating condition
that occurs in the apparatus of Fig. 2B. Since this delay has a fixed value, it simply augments
the signal propagation time through local central office 11 of Fig. 1 by a constant amount
which has no effect upon the quality of the transmitted signals.

Fig. 8 is a timing diagram which demonstrates another aspect in the operation produced by
the apparatus of Fig. 2B. Again the rate of change of 8rin Fig. 8 is exaggerated to compress
the series of successively interpolated code groups corresponding to a common signal channel
required to demonstrate the flexibility of the inventive principle. Portion A of Fig. 8
illustrates the series of steps which take place in the interpolation process when the time base
of the trunk is running fast compared to that of switching network 13 of Fig. 1, while portion B
depicts the opposite situation of the slowly running trunk time base.

In Fig. 8, time increases moving left to right. Accordingly, the interpolated values of yx are
formed by the &t values and group of x» values immediately to the left of eacy ya. It should be
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noted that subtractor 84 of Fig. 2B produces a value of 8t by subtracting the address of the
destination channel from the address of the interpolated code group concurrently being read
out of memory 66 by counter 77. As is evident from Fig. 8, 8t is produced just before each
code group from switching network 13 is applied to multiplier 62. Each time 8t has a value
between zero and 12, threshold circuit 91 provides a clear signal for memory 66 that erases
the accumulated signal at the write address location of the destination channel in the memory.
Then the product of the gain of multiplier 62, which is the value of the coefficient supplied by
memory 86, and the code group applied to the multiplier is written into the location of the
destination channel in memory 66. The coefficient is selected in accordance with the &t
output of subtractor 84. The write-in occurs when converter 64 is completely loaded and
memory 66 is enabled by the output of delay 65 to transfer the contents of the converter to the
memory. Normally three more steps in the interpolation process are performed to complete
the interpolation function. In each step after the first, the sum of the previous contributions is
supplied by the output of converter 73 via selector 72 for application to the other input of
adder 63. The output of adder 63 then corresponds to the sum of the previous contribution or
contributions plus the present output of multiplier 62. The location in memory 66 of the
destination channel therefore stores the new accumulated value for each stepin the interpola-
tion process including the total value roduced at the completion of the interpolation process.
As can be seen in Fig. 8, the value of 8t for the next three steps in the interpolation process
after the first step in the process falls in the range 13 to 48 so that the operation of threshold
circuit 91 does not interfere with the accumulation function of memory 66. ’

In portion A of Fig. 8, the fourth interpolated value is only based upon three successive
code groups or encoded signal samples of the same signal channel from switching network 13.
Thus, Fig. 8 illustrates the same condition which is depicted by waveform A of Fig. 6 for a
trunk with a fast running time base relative to the time base of switching network 13.
Similarly, the oEposite condition occurs in portion B of Fig. 8 wherein five successive encoded
samples from the same signal channel from switching network 13 are used to determine an
interpolated code group. In this case, the value of 8: falls within the range of zero to 12 for x;
since that portion of counter 77 used to generate the RAT signal counts modulo 48 and the
input to subtractor 84 would otherwise exceed 48 for xs. Delay 70 provides a momentary
delay in the issuance of the clear signal from threshold circuit 91 so that the accumulation of
the contributions ending with x, can be read out of memory 66 by the RATsignal on bus 80
before the clear signal occurs. The effect of this operation is to assign zero weight to the X5
contribution to the interpolated code group.

WHAT WE CLAIM IS:

1. Apparatus for communicating digital signals comprising code groups between first and
second digital systems having first and second time bases respectively, independent of each
other in frequency and phase, the apparatus comprising: storing means for receiving and
retaining code groups derived from the code groups of the first digital system at a first rate
synchronized with the first time base; accessing means for obtaining the contents of the
storing means at a second rate synchronized with the second time base; timing means
responsive to the position of the code groups for the second digital system relative to the
oceurrence of the code groups produced by the first digital system; multiplier means having
variable gain controlled by the timing means, the multiplier means producing an output
indicative of the product of a quantized amplitude indicated by at least one code group from
the first digital system and the gain of the multiplier means; adding means for combining the
output of the multiplier means with selected contents of the storing means to produce the
code groups for the second digital system wherein each code group is derived from at least
one code group from the first digital system, and output means for supplying an interpolated
signal comprising code groups produced by the adding means, so as to supply an interpolated
signal compatible with the second digital system whereby the timing means and the multiplier
means accommodates differences in frequency and phase between the first and second time
bases by preserving substantially the same information content in the interpolated signal as
that indicated by the digital signal from the first digital system.

2. Apparatus as claimed in claim 1, further comprising translating means disposed
between the timing means and the multiplier means, the translating means having a pre-
scribed transfer characteristic defined by weighting coefficients and the translating means
being responsive to the timing means by assigning weighting coefficients to the multiplier
means that determines the gain therein.

3. Apparatus as claimed in claim 2, wherein the translating means has a predetermined
transfer characteristic that is a smooth curve whose shape corresponds to a portion of araised
cosine curve.

4. Apparatus as claimed in claim 2, wherein the translating means has a predetermined
iransfer characteristic that has a shape corresponding to a portion of the curve produced by a
third order polynomial.
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5. Apparatus as claimed in claim 2, wherein the code groups of the communicating digital
signals are indicative of a plurality of signal channels, time division multiplexed into a
common bitstream, and the communicating digital signals include synchronizing signals
serving to indicate the channel identity of each code group and the apparatus further
comprises addressing means for receiving the synchronizing signals to establish a writing
address sequence for the successive code groups in the bitstream, the addressing means

supplying the writing address sequence to the storing means to determine the spatial

arrangement of code groups therein.

6. Apparatus as claimed in claim 5, wherein the accessing means establishes the reading
address sequence that determines the order in which the code groups of the storing means are
obtained to form the interpolated signal.

7. Apparatus as claimed in claim 6, wherein the writing address sequence produced by
the addressing means and the reading address sequence produced by the accessing means
provides an output order of code groups for the second digital system that differs from the
order of code groups produced by the first digital system so that the storing means serves to
operate as a time-slot interchanger.

8. Apparatus as claimed in claim 7, wherein the timing means comprises subtracting
means connected to the addressing means and the accessing means to provide an output
signal indicative of the difference between the write address sequence and the read address
sequence, and the timing means supplies the output signal to the translating means.

9. Apparatus as claimed in claim 8, wherein the bitstream of communicating digital
signals comprises successive frames each having at least one code group from each of the
plurality of signal channels and the storing means comprises two portions each having
sufficient capacity to retain one of the frames.

10. Apparatus as claimed in claim 8, wherein the bitstream of communicating digital
signals comprises successive frames each having at least one code group from each of the
%)Iurality of signal channels and the storing means has sufficient capacity to retain one of the

rames.

11. Apparatus as claimed in claim 9, wherein the first rate is less than the second rate and
the addressing means includes monitoring means for detecting when alternate frames of the
code groups are being received by the storing means and indicating same to the storing
means, the storing means responding to the monitoring means by reading alternate frames
into alternate portions therein, the accessing means obtaining pairs of code groups from the
storing means in successive frames corresponding to the same signal channel at the second
rate wherein each code group in the storing means is utilized a plurality of times to produce
the code groups for the second digital system thereby providing a predetermined change in
rate substantially equal to the difference between the first rate and the second rate.

12. Apparatus as claimed in claim 10, wherein the first rate is greater than the second rate
and the multiplier means receives code groups from the first digital system and the apparatus
further comprises feedback means for obtaining selective contents of the storing means and
supplying same to the adding means, the storing means cooperating with the feedback means
and the adding means to operate as an accumulator wherein each output signal produced by
the adding means and retained in the storing means is the result of a plurality of code groups
corresponding to the same signal channel being applied to the multiplier means whereby the
number of code groups applied to the multiplier means to produce a code group for the
second digital system provides a predetermined change in rate substantially equal to the
difference between the first rate and the second rate.

13. Apparatus as claimed in claim 11, further comprising delaying means disposed in the
circuit between the storing means and adding means, the delaying means having sufficient
delay so that two successive code groups of the same signal channel are concurrently variable

between the two successive code groups and applying same to the muliplier means, and the
adding means combining the output supplied by the delaying mans with the other input
applied thereto to produce an interpolated code group for the second digital system.

14. Apparatus as claimed in claim 12, further comprising means for indicating when the
output of the subtracting means produces an output indicating that the output of the
multiplier means is the first of the plurality of outputs to be combined to provide a code group
for the second digital system. .

15. Apparatus for interfacing two digital systems having independent time bases, com-
prising means for receiving input code groups at a first rate synchronized with a first time
base; and means for deriving output code groups, at a second rate synchronized with a second
time base independent of the first, but arithmetically interpolating each output code group
from at least two input code groups in accordance with the temporal position of the output
code group relative to the input code groups. : o

16. Apparatus for interfacing two digital systems having independent time bases, sub-
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stantially as hereinbefore described with reference to Fig. 2A or Fig. 2B of the accompanying

drawings.
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